All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Pathogenic *Yersinia* species require the function of a type III secretion system (T3SS) to successfully establish infection. This specialized secretion machinery delivers a series of effector proteins (YopE, H, J, K, M, O, T) into the host cell that target different cell signaling molecules to interfere with the host immune system \[[@pone.0120471.ref001], [@pone.0120471.ref002]\]. In the prevailing model, effectors are thought to travel through a needle-like conduit and to traverse the host cell membrane through a translocation channel formed by translocator proteins YopB and YopD \[[@pone.0120471.ref003]--[@pone.0120471.ref006]\]. Located at the tip of the needle is LcrV, a protein that interacts with YopB and YopD allegedly assisting in the assembly of the translocation channel prior to their insertion into the host cell membrane \[[@pone.0120471.ref007], [@pone.0120471.ref008]\].

Activation of the T3SS requires contact of the bacteria with the host cell. However, *in vitro*, Yop secretion can be stimulated by culturing bacteria at 37°C at low calcium concentration. This low calcium condition also results in growth arrest. Thus, wild type *Yersinia* is said to exhibit a calcium-dependent growth (CD) at 37°C. Under non-permissive high calcium conditions, YscM1/LcrQ in cooperation with YopD and its cytosolic chaperone SycD/LcrH) block *yop* mRNA translation \[[@pone.0120471.ref009]--[@pone.0120471.ref015]\]. Consequently, a *yopD* mutant produces Yops constitutively and has a temperature-sensitive (TS) growth phenotype irrespective of the calcium concentration. Two chaperon-binding sites have been reported for YopD, one spanning residues 53 to 149 and the other across residues 278 to 292 \[[@pone.0120471.ref016]\]. Deletion of any of those YopD regions results in a TS growth and deregulation of Yop synthesis \[[@pone.0120471.ref017]\].

Infection of cultured cells with *Yersinia* mutants lacking multiple effector Yops results in the formation of open pores in the plasma membrane and subsequent osmotic lysis \[[@pone.0120471.ref018]\]. This process is referred as "pore formation" and requires the function of YopB and YopD \[[@pone.0120471.ref018]--[@pone.0120471.ref020]\]. On the other hand, during infection with wild-type *Yersinia*, effectors YopE and YopT prevent pore formation by inhibiting Rho GTPases \[[@pone.0120471.ref020], [@pone.0120471.ref021]\]. These signaling molecules control a variety of cellular functions including regulation of the actin cytoskeleton. The first evidence that translocon insertion induces a host response was provided by data demonstrating YopB/D-dependent activation of Rho GTPases during *Yersinia* infection \[[@pone.0120471.ref020]\]. Interestingly, inhibition of Rho GTPase activity or actin polymerization not only prevents pore formation but also reduces effector translocation \[[@pone.0120471.ref022], [@pone.0120471.ref023]\]. These results indicate that the YopB/D-dependent activation of Rho in the host cell is required for effective translocation.

There is increasing data supporting the concept that in addition to recognizing pathogen-associated molecular patterns, the innate immune system can detect host cell processes induced by pathogens during infection \[[@pone.0120471.ref024], [@pone.0120471.ref025]\]. We have previously shown that during infection with a multi Yop mutant *Yersinia*, epithelial cells respond to the YopB/D translocon by mounting a proinflammatory response involving activation of mitogen-activated protein kinases (MAPKs), nuclear factor kappa B (NFκB) \[[@pone.0120471.ref025], [@pone.0120471.ref026]\]. This provided further evidence that the host cell recognizes the translocon. A YopB/D-dependent pro-inflammatory response was also demonstrated in infected macrophages lacking TLR receptors \[[@pone.0120471.ref021], [@pone.0120471.ref026]--[@pone.0120471.ref028]\].

YopD belongs to a family of structurally similar "minor translocators" \[[@pone.0120471.ref029]\]. The 306 amino acid YopD protein contains one central predicted transmembrane alpha helix region, a predicted C-terminal coiled-coil domain and a confirmed C-terminal amphipathic alpha helix \[[@pone.0120471.ref017], [@pone.0120471.ref030], [@pone.0120471.ref031]\].

It has been recently proposed that the YopB/D-mediated innate immune response elicited during *Yersinia* infection of macrophages is due to the recognition of an unidentified translocated PAMP and not by direct sensing of the translocon \[[@pone.0120471.ref032]\]. The study shows that a muti-Yop mutant induces TNF-alpha expression during infection of TLR4-deficient macrophages, while a translocation-deficient (YopDΔTM) mutant does not. However, the possibility that host cells specifically sense the YopB/D translocon could not be completely ruled out because the YopDΔTM mutant was also partly defective in pore formation, introducing smaller pores with delayed kinetics.

The aim of this work was to shed light into the multiple YopD functions and to study their individual role in virulence. Thus, we created a *yopD* mutant library to identify single amino acids required for translocation, pore formation or host cell signaling. We identified eight single amino acid substitutions that affected various YopD functions. Interestingly, three substitutions in a discrete C-terminal region significantly impaired pore formation, Yop translocation and host cell signaling without affecting YopD secretion, *yop* regulation, or YopD-YopB interaction. The role of these mutations *in vivo* was assessed in an well-established mouse model for *Yersinia pseudotuberculosis* \[[@pone.0120471.ref033]\]. We conclude that a previously unidentified domain located between the transmembrane and the putative coiled-coil domains at the C-terminal region of YopD is central for its function.

Materials and Methods {#sec002}
=====================

Bacterial strains {#sec003}
-----------------

Wild type *Y*. *pseudotuberculosis* serogroup III strain and its derivatives carry a naturally occurring deletion in the virulence plasmid that inactivates the *yopT* gene ([Table 1](#pone.0120471.t001){ref-type="table"}) \[[@pone.0120471.ref020]\]. Deletion of *yopD* in YP52 (*yopEHJD*), YP62 (*yopED*), YP63 (*yopD*) and IP63 (*yopD*) was performed by allelic exchange using suicide plasmid pSB890Δ*yopD* as follows. Recombinant PCR was used to construct Δ*yopD*, a 394bp DNA fragment containing the sequence corresponding to the 177 nucleotides upstream *yopD* fused in frame to the 217 bp immediately downstream *yopD*. The construct was created using the following primers: YopD1A (5′-TGAA[GGATCC]{.ul}AGACATGGCAGCGTTAC-3′), YopD1B (5′-GGTTATTCCTCCTTAAACTTAAACAG-3′), YopD1C (5′-GGAGGAATAACC CCATTGATGACCTTGGT-3′), and YopD1D (5′-CGGT[GGATCC]{.ul}CAGCTCAGGTCTTGA-3′). Underlined sequences correspond to BamHI restriction sites sequences. In bold is a tail sequence in primer YopD1C that overlaps with the first 12 nucleotides at the 5' end of primer YopD1B. The resulting DNA fragment (Δ*yopD*) was cloned into BamHI-digested suicide plasmid pSB890. The resulting plasmid (pSB890Δ*yopD*) was introduced by electroporation into S17--1λpir, and transformants were selected on LB plates containing tetracycline. pSB890Δ*yopD* was transferred into YP27(Km^R^), YP6 (Km^R^), YP126 and IP2666, by conjugation. Transconjugants were selected on LB kanamycin tetracycline for YP27 and YP6, or *Yersinia* selective agar plates with tetracycline for YP126 and IP2666, Tet^R^ transconjugants were grown for several generations in the absence of tetracycline and then plated on LB agar plates lacking NaCl and supplemented with 5% sucrose to select against the *sacB* gene carried on pSB890. Sucrose-resistant colonies were tested for a Tet^S^ phenotype. The resulting mutants were verified by sequencing.

10.1371/journal.pone.0120471.t001

###### Bacterial strains and plasmids.

![](pone.0120471.t001){#pone.0120471.t001g}

  Strain                Relevant features                                                    Reference
  --------------------- -------------------------------------------------------------------- ----------------------------
  YP126                 Wild type Y. *pseudotuberculosis* YPIII, naturally YopT-deficient    \[[@pone.0120471.ref046]\]
  IP2666                Wild type Y. *pseudotuberculosis* YPIII, naturally YopT-deficient    \[[@pone.0120471.ref033]\]
  YP18                  YP126*ΔyopB*                                                         \[[@pone.0120471.ref046]\]
  YP27                  *yopH*::*cam*,*yopE*::*kan*,*ΔyopJ*                                  \[[@pone.0120471.ref047]\]
  YP29                  *yopH*::*cam*,*yopE*::*kan*,*ΔyopJ*,*ΔyopB*                          \[[@pone.0120471.ref047]\]
  YP52                  *yopH*::*cam*,*yopE*::*kan*,*ΔyopJ ΔyopD*                            This study
  YP52/pYopD            YP52::*pYopD*                                                        This study
  YP6                   *yopE*::*kan*                                                        \[[@pone.0120471.ref048]\]
  YP62                  *yopE*::*kan*,*ΔyopD*                                                This study
  YP62/pYopD            YP62::*pYopD*                                                        This study
  YP63                  YP126*ΔyopD*                                                         This study
  YP63/pYopD            YP63::*pYopD*                                                        This study
  IP63                  IP2666*ΔyopD*                                                        This study
  pMMB67HE              IPTG-inducible expression                                            \[[@pone.0120471.ref049]\]
  pMMB67HEYopD          pMMB67HE::*yopD*                                                     \[[@pone.0120471.ref026]\]
  pSB890                Suicide plasmid Tet^R^, sacB                                         \[[@pone.0120471.ref046]\]
  pSB890*ΔyopD*         pSB890::*ΔyopD* (177bp upstr *yopD* fused to 217bp downstr *yopD*)   This study
  pSB890*yopD* ~*AD*~   pSB890::*yopD* (−177bp *yopD* + 217bp)                               This study

Construction of a YopD mutant library {#sec004}
-------------------------------------

Error-prone PCR was used to create a library of single amino acid substitution in YopD. We used the GeneMorph II EZClone random mutagenesis kit from Stratagene that provides a mixture of two error prone DNA polymerases. *yopD* cloned into plasmid pMMB67HE (Amp^R^) was used as a template, and the following primers were used in the mutagenic PCR reaction: (pMMB67HE-Fw \[5' CGACATCATAACGGTTCTGGC 3'\] and pMMB67HE-Rv \[3' GCGTTTCACTTCTGAGTTCGGC 3'\]). These primers served to amplify a DNA fragment encompassing *yopD* and flanking pMMB67HE sequences (150bp upstream and 175bp downstream). As recommended to obtain 0--4.5 mutations/kb, the PCR reaction was performed using 100 ng of template DNA and 25 cycles. The amplified DNA was purified, digested with SacI and SphI, and cloned back into pMMB67HE to generate pYopD\*. The pYopD\* library was electroporated into competent YP62 (*yopE*::*kan*,*ΔyopD*) mutant and plated on LB supplemented with kanamycin (Kan) and carbenicillin (Car) to select for colonies containing the virulence plasmid and pYopD\*, respectively. A total of 1144 Car^R^, Kan^R^ colonies were patched into 96-deep-well plate containing 0.4% agar LB supplemented with carbenicillin (Car) for maintenance at 4°C, and into LB glycerol to store at −20°C. Individual colonies of *yopED* and *yopED/*pYopD were included in each plate to serve as negative and positive control, respectively, in the screening tests.

Native expression of I168T, G196R and A273T {#sec005}
-------------------------------------------

*yopD* genes coding for I168T, G196R and A273T were expressed into YP52 and IP2666 by allelic replacement using pSB890-based plasmids, as described above. First, we created pSB890*yopD* ~*1*AD~ by megaprimer PCR using pSB890*ΔyopD* as a template, and a 1.3kb PCR product comprising *yopD* plus its adjacent 177bp upstream and 217bp downstream regions (*yopD* ~*1*AD~) as megaprimers. PCR product *yopD* ~*1*AD~ was amplified from pYV using primers YopD1A and YopD1D (described above). Genes coding for YopDI168T, G196R and A273T were amplified from their pMMB67HE expression plasmid using primers YopDstart (ATGACAATAAATATCAAGAC) and YopDend (TCAGACAACACCAAAAGC). The resulting 921bp PCR products were purified and used as megaprimers to substitute *yopD* in pSB890*yopD* ~*1*AD~ by PCR. The resulting plasmids were used to transform S17-λpir. Allelic replacement in YP63 and IP63 was performed as described above.

Cell culture {#sec006}
------------

HeLa cells (ATCC-CCL-2) were cultured in DMEM (Gibco BRL) supplemented with 10% heat-inactivated fetal calf serum (FCS; Gibco BRL) and 1 mM sodium pyruvate in a 5% CO2 humidified incubator at 37°C. For infection experiments performed to determine IL-8 production and LDH release, 1 × 10^5^ HeLa cells were seeded into wells of a 24-well tissue culture plate 24 h before assay. J774A.1 macrophage cell line origin (ATCC-TIB-67)

Screening of the YopD\* library {#sec007}
-------------------------------

The ability of the YopD mutants to deliver Yops and to cause pore formation was tested simultaneously by assessing YopJ-mediated cell death in macrophages and osmotic lysis of HeLa cells, respectively. Overnight cultures were made by transferring *yopED*, *yopED/*pYopD and *yopED*/pYopD\* colonies from a 0.4% agar LB 96-well plate to a 96-well plate containing 200 μl of LB broth supplemented with kanamycin and carbenicillin, except for the well containing *yopED*, in which only kanamycin was added. Incubation was carried out at 26°C with shaking in a moist chamber to prevent evaporation. The next day, bacteria were subcultured 1/20 in 96-well plate containing 200μl LB with 20 mM magnesium chloride and 20 mM *sodium oxalate* (low Ca^2+^ conditions) for 1 h at 26°C and 2 h at 37°C, with shaking. IPTG was added at the 37°C temperature shift to a final concentration of 50μM. To test for translocation, J774A.1 cells were cultured in 96 well plates at a density of 5x10^4^ cells/well and infected at an estimated MOI of 10 in the presence of IPTG. Gentamicin (100 μg/ml) was added 30 min after infection, and incubation proceeded overnight. LDH release from supernatants of infected cells was analyzed using CytoTox96 cytotoxicity assay kit (Promega). To test for pore formation, HeLa cells were cultured in 96 well plates at a density of 2x10^4^ cells/well and infected at a MOI of 100 in the presence of IPTG. Culture supernatants were collected 3 hours post infection and tested for LDH as described above.

Yop secretion assay {#sec008}
-------------------

Bacteria were cultured in 25 ml LB at low calcium conditions for 1 h at 26°C and 3 h at 37°C in the presence of 50μM IPTG. Proteins secreted in 1 ml of the culture supernatants were precipitated with 10% trichloroacetic acid (TCA), washed with ice-cold acetone, air-dried and suspended in Laemmli sample buffer. Bacterial pellet and secreted proteins were analyzed by Western blot using YopD Mab clone 248:19 \[[@pone.0120471.ref034]\] YopB mab clone 190.11 \[[@pone.0120471.ref035]\], and polyclonal antibodies against LcrV (provided by Matt Nilles, University of North Dakota) and YopH \[[@pone.0120471.ref036]\]. Anti-rabbit and anti-mouse IR680 or IR800 were used as secondary antibodies. Infrared signal was detected using the Odyssey imaging system (LI-COR Biosience).

YopE-mediated cytotoxicity of HeLa cell {#sec009}
---------------------------------------

HeLa cells were infected at MOI of 100 for 1h with bacteria cultured under high calcium conditions, which repress the T3SS. Infected cells were examined by phase contrast using an inverted microscopy with a 40× objective. Images were recorded using a digital camera and were mounted using Adobe Photoshop CS5. Images are representative of three different experiments.

LDH assay {#sec010}
---------

HeLa cells in 24 well plates were infected with bacteria grown in LB broth under low Ca^2+^ condition at a multiplicity of infection of 100. The plates containing the infected cells were centrifuged for 5 min at 700 rpm and incubated at 37˚C with 5% CO~2~. Samples of culture media from wells containing infected cells were collected 3 hours post infection. Levels of LDH were assayed using the CytoTox 96 assay kit (Promega) as previously described. Results were normalized to *yopEHJD*/pYopD (100%). The mean and standard deviation values were obtained from four duplicate experiments.

YopD co-immunoprecipitation {#sec011}
---------------------------

Bacterial supernatants were collected after 3 hours incubation at low calcium conditions with 50 μM IPTG, and incubated with 10 μg of YopD mab clone 248:19 with rocking for 1 hour at room temperature. The pellet of a 20μl Protein G-beads slurry (Dynabeads Invitrogen) was added to the immunocomplexes an incubated for 10 min while rocking. The beads were washed three times with PBS/0.01% Tween and resuspended in 2X Laemmli sample buffer, boiled for 5 min and resolved in SDS-PAGE and immunoblotting using anti-YopD 248:19 antibody and anti-YopB monoclonal antibody. Anti-rabbit and anti-mouse IR680 or IR800 were used as secondary antibodies. Infrared signal was detected and quantified using the Odyssey imaging system (LI-COR Biosience).

Uptake of impermeant dyes {#sec012}
-------------------------

Hela cells cultured in 24-well plates with coverslips were infected for 3 h with bacteria grown under low calcium conditions. Uptake of ethidium homodimer-2 (EthD-2) by cells with compromised membranes was tested using the DEAD-LIVE kit (Invitrogen) following the protocol provided by the manufacturers. Cover slips were examined by using a fluorescence inverted microscopy with a 10× objective. Images were recorded using a digital camera and were mounted using Adobe Photoshop CS5.

YopD-dependent activation of proinflammatory signaling {#sec013}
------------------------------------------------------

HeLa cells cultured in 6 well plates were infected at MOI 100 for 60 min, washed and lysed as previously described \[[@pone.0120471.ref026]\]. Immunoblotting was performed using polyclonal antibodies against phospho-ERK, p90RSK, IκBα (Cell Signaling) according to the procedures of the manufacturer. Monoclonal antibody 12G10 against α-tubulin from Developmental Studies Hybridoma Bank, was used as a loading control.

Mouse infection {#sec014}
---------------

Eight-week-old female C57BL/6 mice (Jackson labs) were infected with *Y*. *pseudotuberculosis* wild type IP2666, IP2666YopDI168T, IP2666YopDG196R and IP2666YopDA273T. Mice were fasted for 18 h prior to infection. Bacterial inocula were prepared from overnight cultures grown in LB medium at 26°C, adjusted to 10^10^ cfu/ml and washed twice in PBS. In two independent experiments, 3 mice per group were infected orogastrically with 2x10^9^cfu (10 LD50) using a feeding needle and an inoculated volume of 0.2 ml. To record survival, infected mice were monitored three times a day, seven days a week over a 2-week period. Animals displaying serve signs of disease, characterized by hunched posture and immobility upon physical stimulation, were euthanized by CO~2~ inhalation to minimize suffering. These experiments were carried out in compliance with animal care and use regulations. The survival curve of each mutant was compared to that of the wild type infected mice and the statistical difference and P values were calculated using the Log-rank (Mantel Cox) test.

Ethic Statement {#sec015}
---------------

The study was carried out in accordance with a protocol that adhered to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH) and was reviewed and approved (approval \#206152) by the Institutional Animal Care and Use Committee at Stony Brook University, which operates under Assurance \#A3011--01, approved by the NIH Office of Laboratory Animal Welfare.

Results {#sec016}
=======

Construction and screening of a *yopD* mutant library {#sec017}
-----------------------------------------------------

To better understand YopD function, we created a *yopD* library and screened for mutants that were secretion-competent but defective in translocation and/or pore formation. The library was generated using error prone PCR under conditions that created an average of one mutation per clone. The mutated PCR product was cloned into the expression vector pMMB67HE under the control of an IPTG-inducible promoter, resulting in pYopD\*. The plasmid library was introduced into *E*. *coli* and subsequently moved to *Y*. *pseudotuberculosis* YPIII by conjugation. Because translocation of YopE or YopT during infection with wild type *Y*.*pseudotuberculosis* inhibits pore formation, and because YPIII naturally lacks YopT, we used a *yopED* mutant as a recipient of pYopD\* ([Table 1](#pone.0120471.t001){ref-type="table"}). This approach allowed for the simultaneous screening of YopJ translocation and pore formation. In addition, the kanamycin cassette inserted to disrupt the *yopE* gene in *yopED* mutant permitted the selection of colonies that maintained the virulence plasmid. The amount of YopD and other Yops secreted by *yopED*/pYopD at 500, 100 and 50 μM IPTG was compared to WT, *yopE* and *yopED* mutants ([S1 Fig.](#pone.0120471.s001){ref-type="supplementary-material"}). A high throughput genetic screening was implemented and 1144 colonies were tested. A concentration of 50 μM IPTG was used to induce YopD expression in cultures and during infections. Defects in Yop translocation and pore formation were assessed simultaneously in 96-well plates. Translocation of YopJ was indirectly measured by its ability to induce TLR4-mediated cell death in J774A.1 macrophages \[[@pone.0120471.ref037]\]. Percent of LDH release from infected cells was used to score cell death. Pore formation of infected HeLa cells leads to osmotic lysis, a phenotype that can also be measured by LDH release \[[@pone.0120471.ref020]\]. Because the readout for both assays is LDH release, we confirmed that under the infection conditions used in the macrophage cell death assay (low moi and short infection period before Gentamicin killing of extracellular bacteria, see [Material and Methods](#sec002){ref-type="sec"}) pore formation did not occur, i.e, infection with a pore forming strain that lacked YopJ (*yopEHJ*) did not cause LDH release from macrophages (data not shown).

Colonies with a defect in translocation, pore formation, or both, were subsequently tested for the ability of the mutants to secrete YopD. Those mutants with detectable amounts of secreted YopD by Western blot were subjected to DNA sequencing. We identified over 100 mutants that produced and secreted YopD but were defective in translocation, pore formation or both. Out of 100 mutants sequenced, 16 had a single missense mutation. The translocation, pore formation and YopD secretion phenotypes could be confirmed for 8 of these mutants. The location of the single amino acid substitution in each of those mutants is shown in [Fig. 1A](#pone.0120471.g001){ref-type="fig"}.

![Secretion of the *yopD* mutants.\
**A**. Schematic representation of YopD protein indicating a predicted transmembrane domain (white), a putative coiled-coil region (dark grey) and an amphipathic α-helix domain (black). Overlined are the N-terminal and C-terminal chaperon-binding regions (53--149 and 278--292). Amino acid substitutions that interfere with pore formation, translocation or both are indicated by asterisks. **B**. Immunoblot showing Yop secretion (bacterial supernatant) and production (bacterial lysate) for each of the YopD mutants expressed in a *yopED* background and grown at 37°C at low calcium conditions. Monoclonal antibodies for the detection of YopD and YopB and polyclonal antibodies for YopH and LcrV are described in Material and Methods. Anti-rabbit and anti-mouse IR680 or IR800 were used as secondary antibodies. Infrared signal was detected using the Odyssey imaging system (LI-COR Biosience). Quantification of the YopD signal intensities was performed using Odyssey imaging system software. The ratio between the amount of YopD secreted and YopD produced was calculated for each mutant and normalized to wild type YopD.](pone.0120471.g001){#pone.0120471.g001}

Amino acid substitutions G137S and K215T interfere with calcium--dependent growth {#sec018}
---------------------------------------------------------------------------------

*Yersinia* with *yopD* null mutations are defective in *yop* regulation and have a temperature-sensitive phenotype, growing poorly at 37°C irrespective of the calcium concentration. To determine whether any of the YopD amino acid substitutions affected CD growth, we cultured bacteria at low or high calcium concentration and measured OD~600~ every 30 minutes for 5 hours. Mutants with amino acid substitutions G137S and K215T exhibit a temperature sensitive phenotype similar to the *yopD* deletion mutant. The rest of the mutants displayed normal calcium-dependent growth ([S2 Fig.](#pone.0120471.s002){ref-type="supplementary-material"}). Henceforth we will refer to mutants G137S and K215T as Class I ([Table 1](#pone.0120471.t001){ref-type="table"}).

Substitutions N4Y, T35K and A273T affect YopD synthesis {#sec019}
-------------------------------------------------------

To test the ability of each mutant to synthesize and secrete YopD, the protein profiles of whole bacteria cells and TCA-precipitated culture supernatants were determined after growth at low calcium conditions. Immunoblot assays using a monoclonal antibody against YopD showed that variable levels of YopD were present in bacterial pellets of the different mutants. Notably, mutants with YopD substitutions N4Y, T35K and A273T produced considerably less YopD than the WT, whereas substitutions G137S and K215T led to *yopD* overexpression ([Fig. 1B](#pone.0120471.g001){ref-type="fig"}).

YopD secretion is decreased by N4Y and G137S residue exchange {#sec020}
-------------------------------------------------------------

To calculate the amount of YopD secreted by the different mutants, we measured the intensities of the YopD bands in the supernatant fractions of the immunoblot. Because of the variability in the amount of YopD produced, we calculated the ratio between secreted and produced YopD ([Fig. 1B](#pone.0120471.g001){ref-type="fig"}), and normalized it to that of the WT ([Fig. 1C](#pone.0120471.g001){ref-type="fig"}). While secretion of YopD N4Y and G137 were severely affected, the rest of the YopD variants were secreted at levels greater than or equal to 50% of the YopDWT.

YopD mutants with normal calcium-dependent growth overproduced other Yops {#sec021}
-------------------------------------------------------------------------

We determined whether synthesis and secretion of other Yops were affected by the different YopD amino acid substitutions. As expected, *yopED*, which is temperature sensitive and defective in down-regulation of *yop* expression, produced increased amount of YopH, YopB, and LcrV, as determined by immunoblotting ([Fig. 1B](#pone.0120471.g001){ref-type="fig"}). The same pattern of Yop overproduction occurred in mutants with substitutions N4Y, T35K and A273T. As shown above, these mutants produced low amounts of YopD. Interestingly, these mutants display normal calcium-dependent growth. On the other hand, amino acid substitutions that affected normal calcium-dependent growth (G137S and K215T) resulted in a considerable downregulation of YopH, YopB and LcrVs synthesis ([Fig. 1B](#pone.0120471.g001){ref-type="fig"}). At high calcium conditions, G137S and K215T exhibited a wild type phenotype for Yop synthesis and secretion. This suggests that, at least under the conditions used in this assay, Yop regulation may be uncoupled from calcium-dependent growth in these mutants.

T35K completely abrogates YopE-mediated rounding in Hela cells {#sec022}
--------------------------------------------------------------

Because the Rho GAP activity of YopE negatively controls translocation \[[@pone.0120471.ref022], [@pone.0120471.ref023]\], the lack of *yopE* causes the bacteria to translocate Yops at higher levels. To better assess the effect of the YopD substitutions in translocation, we transferred the pYopD\* plasmids to a *yopD* background, and we assessed translocation by YopE-mediated rounding of infected HeLa cell. Because very low amounts of translocated YopE can cause disruption of the host cell cytoskeleton, we cultured bacteria under conditions that inhibit T3SS activation before bacterial-host cell contact. As expected, *yopD*/pYopD caused complete cell rounding one hour after infection, whereas no cytotoxicity was detected in cells infected with *yopD* mutant. YopD substitution T35K had a phenotype similar to *yopD*, whereas N4Y and A273T displayed some, but reduced levels of cytotoxicity ([Fig. 2](#pone.0120471.g002){ref-type="fig"}). The rest of the mutants caused cell rounding comparable to the wild type. A recognized caveat of the cytotoxicity assay is its poor ability to detect subtle defects in translocation. These results should be cautiously interpreted since we later found that the translocation phenotype of mutants I168T and G196R differed when the *yopD* mutations were introduced into the native *yopD* gene (see [Fig. 6](#pone.0120471.g006){ref-type="fig"}).

![Effect of the different *yopD* mutations on translocation.\
**A.** *yopD* variants were expressed ectopically in a *yopD* single mutant strain and tested for YopE-mediated cell rounding of HeLa cells. Bacteria cultured under conditions that repress the T3SS were used to infect HeLa cells at MOI of 100 for 1h. YopE-mediated cytotoxicity was assessed by inverted microscopy using a 40× objective. Images were recorded using a digital camera. Images are representative of three different experiments.](pone.0120471.g002){#pone.0120471.g002}

Pore formation is compromised in mutants Class II and III {#sec023}
---------------------------------------------------------

The pore formation phenotype of the mutants selected in the screening was confirmed by infecting HeLa cells seeded on coverslips in 24-well plates at a MOI of 100. Because a *yopEHJ* mutant causes more pronounced pore formation than a single *yopE* mutant \[[@pone.0120471.ref020]\], we transferred pYopD\* to a *yopEHJD* background. Three hours after infection, supernatants of uninfected and infected cells were tested for LDH release ([Fig. 3A](#pone.0120471.g003){ref-type="fig"} and [S3 Fig.](#pone.0120471.s003){ref-type="supplementary-material"}). All but N4Y and G137S were significantly defective in pore formation, with T35K, I168T, G196R and Q203E being the most severely affected. These results were confirmed by the uptake of DNA-binding impermeant dye ethidium homodimer-1 by infected HeLa cells ([Fig. 3B](#pone.0120471.g003){ref-type="fig"}). In this assay, only cells with compromised membranes take up the impermeant dye. Thus, infection with T35K, I168T, G196R and Q203E cause very low levels of pore formation as evidenced by only a few cells stained with red nuclei. As shown above, T35K was produced at much lower levels than YopDWT, whereas production and secretion of I168T, G196R and Q203E mutants were normal. We will therefore call pore formation-defective mutants T35K Class II, and I168T, G196R and Q203E Class III ([Table 2](#pone.0120471.t002){ref-type="table"}).

![Effect of the different YopD mutations on pore formation.\
**A.** HeLa cells were left uninfected or infected with *yopEHJD*, *yopEHJD*/pYopD and *yopEHJD* expressing the different *yopD* mutants at MOI of 100. After 3 h infection, culture supernatants were removed and tested for LDH release. Background LDH released from uninfected cells was subtracted from infected wells. Results were normalized to *yopEHJD*/pYopD (100%). Error bars represent the standard deviation of the mean values obtained from four duplicate experiments. \*\* P\<0.0001, \* P\<0.0005 determined by t-test. **B.** HeLa cells on coverslips were infected as described above for the LDH assay, and stained with DEAD-LIVE kit as described in Material and Methods. Cells with disrupted membranes exhibit a red nuclei staining.](pone.0120471.g003){#pone.0120471.g003}

YopD mutants Class II and III fail to trigger a pro-inflammatory response {#sec024}
-------------------------------------------------------------------------

Epithelial cells respond to infection with a *Yersinia* multi-yop mutant by triggering a series of pro-inflammatory signals \[[@pone.0120471.ref021], [@pone.0120471.ref026]\]. This response is dependent on the translocon and includes MAPKs and NFκB activation, and IL-8 production We have previously found that although a *yopEHJB* mutant does not trigger IL-8 production, infection with a *yopEHJD* mutant produces detectable levels of IL-8 \[[@pone.0120471.ref021], [@pone.0120471.ref026]\]. Therefore, at that time we concluded that YopD was dispensable for the proinflammatory response caused by the translocon. However, when we investigated the kinetics of MAPKs and NFκB activation we found that *yopEHJD* could not activate signal at early time points because, as shown in [S4A Fig.](#pone.0120471.s004){ref-type="supplementary-material"}, levels of ph-ERK induced by *yopEHJD* and *yopEHJB* infection are comparable to those of uninfected cells. However, we could detect MAPKs and NFκB activation at 4-h infection ([S4A Fig.](#pone.0120471.s004){ref-type="supplementary-material"}). This delayed activation of proinflammatory signals could account for the modest IL-8 production found in our previous study. To determine what YopD residues are required for signal activation, we tested phosphorylation of the MAP kinase ERK in response to infection with *yopEHJD/*pYopD\*. HeLa cells were left uninfected or infected for 1 h, and cell lysates were analyzed by immunoblotting using antibodies to ph-ERK ([Fig. 4A](#pone.0120471.g004){ref-type="fig"} and [S5A Fig.](#pone.0120471.s005){ref-type="supplementary-material"}). The ph-ERK signal intensities were quantified and the values were normalized to tubulin ([Fig. 4B](#pone.0120471.g004){ref-type="fig"}). Robust MAPK activation was observed when HeLa cells were infected with *yopEHJD*/pYopD, whereas much weaker MAPK phosphorylation was detected in cells infected with the *yopEHJD* mutant ([Fig. 4](#pone.0120471.g004){ref-type="fig"}). Class II (T35K) and Class III (I168T, G196R and Q203E) mutants were defective in MAPK signaling activation ([Fig. 4](#pone.0120471.g004){ref-type="fig"}). The results of the MAPK activation were confirmed by assessing the activation of p90RSK, a substrate of the MAPK/ERK ([S5B and S5C Fig.](#pone.0120471.s005){ref-type="supplementary-material"}). We also tested the effect of the different YopD amino acid substitutions on NFκB activation by measuring degradation of the NFκB inhibitor IκBα. IκBα degradation correlated with ERK activation ([S5B Fig.](#pone.0120471.s005){ref-type="supplementary-material"} and [Fig. 5D](#pone.0120471.g005){ref-type="fig"}). Intermediate levels of MAPK and NFκB activations were detected in cells infected with *yopEHJD*/pYopD N4Y, A273T and G137S. G137S belongs to TS Class I mutants. Because N4Y and A273T exhibit normal CD growth and have an intermediate pore formation and signaling phenotype, they are grouped as Class IV ([Table 2](#pone.0120471.t002){ref-type="table"}).

![YopD-dependent activation of proinflammatory signaling.\
**A.** HeLa cells infected with *yopEHJD*, *yopEHJD*/pYopD and *yopEHJD* expressing the different YopD mutants at MOI of 100 for 1h. Cells were washed, lysed with sample buffer 1X, separated by SDS-PAGE and analyzed by immunoblotting with rabbit anti-phospho ERK. Monoclonal antibody against tubulin was used as a loading control. Quantification of the signal intensities was performed using Odyssey imaging system software. Values were normalized to tubulin.](pone.0120471.g004){#pone.0120471.g004}

![Interaction of the different YopD mutants with YopB.\
**A.** YopB-YopD complexes secreted in bacterial supernatants of *yopD*, *yopD*/pYopD and *yopD* expressing the different *yopD* mutants were precipitated by 1 h incubation with YopD mab (clone 248:19) followed by incubation with Dynabeads Protein G (Invitrogen). After 3 washes, beads were resuspended in 2X Laemmli sample buffer, and boiled. The eluted material (IP) and an aliquot of the bacterial supernatants (SN) were resolved in SDS-PAGE. Western blot was performed using anti-YopD and anti-YopB Mabs, and anti-mouse IR680 or IR800 secondary antibodies. Bands corresponding to YopB and YopD are indicated by arrows. Also present in the IP samples are a band originated from the beads (marked with an asterix), and a weak band of unknown origin that migrates right below YopB. **B.** Signal intensities of immunoprecipitated YopB and YopD were calculated using Odyssey imaging system software (LI-COR Biosience). YopB-YopD interaction for each mutant was calculated as the ratio between immunoprecipitated YopB and YopD. Results were normalized to *yopD*/pYopD.](pone.0120471.g005){#pone.0120471.g005}

Interaction of YopD mutants with YopB {#sec025}
-------------------------------------

To determine whether the defect in translocation, pore formation or signaling was due to a defective interaction between the YopD variants and YopB we performed YopD co-immunoprecipitations on secreted Yops in culture supernatants. [Fig. 5A](#pone.0120471.g005){ref-type="fig"} shows that YopD monoclonal antibody effectively pulled down YopB from *yopED*/pYopD bacterial supernatant but not from that of *yopED*. Because the levels of YopB and YopD secretion vary among the different mutants, the degree of YopD-B interaction was expressed as the amount of pulled-down YopB relative to that of pulled-down YopD ([Fig. 5B](#pone.0120471.g005){ref-type="fig"}). With the exception of T35K, G137S and K215T (Class I and II), which exhibited 40--60% reduced YopB-YopD interaction, all the other YopD variants interacted with secreted YopB to high levels. Consistent with previous results in which secreted His-YopBDE complexes were purified from bacterial cultures using nickel affinity chromatography \[[@pone.0120471.ref038]\], YopD antibody also pulled down YopE, but not LcrV (not shown). Furthermore, a monoclonal antibody against LcrV also failed to pull down YopD from culture supernatants (not shown), suggesting that the YopBDE complex is not composed of aggregated Yops.

Native expression of Class III mutants confirm multiple defects in translocon function {#sec026}
--------------------------------------------------------------------------------------

To determine whether the phenotypes of the *yopD* mutants could be confirmed when expressed from the native *yopD* gene, we selected three *yopD* mutants with normal calcium dependent growth; two with strong pore formation and signaling defects representing Class III (I168T, G196R) and one with a more intermediate phenotype from Class IV (A273T). Thus, the three *yopD* mutations were moved to its native location in *yopEHJD* (YP52), as described in Material and Methods, and the resulting strains were tested in parallel for translocation, pore formation and MAPK activation.

To quantitatively test for effector translocation in these mutants, we used the glycogen synthase kinase GSK peptide tag-based reporter system \[[@pone.0120471.ref039]\]. When the tagged effector protein is translocated into the eukaryotic cell, the GSK peptide is phosphorylated by host cell kinases. The phosphorylated fusion protein can then be detected in the cell lysate by immunoblot using an anti ph-GSK antibody. Thus, *yopEHJD* (YP52) strains expressing the *yopD* mutations in their native location were transformed with the arabinose-inducible expression plasmid pBAD*yopH-gsk* by electroporation. Arabinose (0.2%) was added to the bacterial cultures and was kept during infection of HeLa cells to induce the expression of YopH-gsk fusion protein. Two hours after infection, cells were washed with PBS, and lysed with 1%Triton X-100. Soluble and insoluble fractions of uninfected and infected cells were analyzed by immunoblotting using antibodies to phospho-*GSK*-3β (Ser9). Eukaryotic glyceraldehyde 3-phosphate dehydrogenase (GAPDH) signal was used as a loading control of the soluble fraction, and total GSK as a control for the insoluble fraction. A strong band of phosphorylated YopH-GSK was detected in cells infected with *yopEHJ* and *yopEHJ* expressing *yopD* A273T, whereas much less translocation occurred in cells infected with *yopEHJ* expressing Class III *yopD* mutations I168T and G196R ([Fig. 6A](#pone.0120471.g006){ref-type="fig"}). These results did not correlate with the translocation phenotypes assessed by HeLa cell rounding when the mutations were expressed ectopically ([Fig. 2](#pone.0120471.g002){ref-type="fig"}).

![Phenotype of the *Y*. *pseudotuberculosis* expressing *yopD* mutations in its native location.\
HeLa cells were infected with *yopEHJ*, *yopEHJD*, and *yopEHJD* expressing *yopD*I168T, G196R and A273T in their native location. **A.** Effector translocation was determined by infecting HeLa cells at a MOI of 100 for 2h. Cells were washed, lysed with 1% Triton X100, and soluble and insoluble fractions were separated by SDS-PAGE and analyzed by immunoblotting with rabbit anti-phospho-*GSK*-3β (Ser9). Monoclonal antibody against GAPDH and total *GSK*-3β (Ser9) antibody were used as a loading control for the soluble and insoluble fractions, respectively. Quantification of the signal intensities was performed using Odyssey imaging system software. Results are expressed as the ratio between total ph-ERK signal and GAPDH. **B.** Pore formation was determined as described in [Fig. 4](#pone.0120471.g004){ref-type="fig"} by analyzing the amount of LDH released from culture supernatants of infected cells. Results were normalized to *yopEHJ* (100%). Error bars represent the standard deviation of the mean values obtained from three duplicate experiments. \* P\<0.005 determined by t-test. **C.** YopD-dependent activation of proinflammatory signaling was performed as described in [Fig. 5](#pone.0120471.g005){ref-type="fig"}. MAPK activation was analyzed in cell lysates by immunoblotting using rabbit anti-phospho ERK. A monoclonal antibody against GAPDH was used as a loading control and quantification of the signal intensities was performed using Odyssey imaging system software. Results are expressed as the ratio between total ph-ERK signal and GAPDH.](pone.0120471.g006){#pone.0120471.g006}

In parallel, the same strains were tested for pore formation activity by LDH release in HeLa cells 3 hours post infection. Although the phenotypes were less dramatic than those observed with the ectopic expression of these YopD mutants, the defect in pore formation could be confirmed for Class III mutants I168T and G196R ([Fig. 6B](#pone.0120471.g006){ref-type="fig"}).

MAPK activation was also assessed as described above, by infecting HeLa cells for 1 h and analyzing cell lysates by immunoblotting using antibodies to ph-ERK. In accordance to what was observed when the *yopD* mutations were expressed ectopically, infection with *yopEHJ*YopDA273T elicited a strong ERK phosphorylation, while a poorer MAPK activation, was detected upon infection with mutants Class III I168T and G196R ([Fig. 6C](#pone.0120471.g006){ref-type="fig"}).

Based on these results we postulate that YopD amino acid I168 and G196, and most likely also Q203, constitute a new domain in YopD important for translocation, pore formation, and host signaling.

In vivo studies {#sec027}
---------------

To determine if substitution I168T or G196R would impact virulence, we infected mice orogastrically with wild type *Y*. *pseudotuberculosis* IP2666, IP2666 natively expressing I168T, G196R and, as a control, A273T. Secretion of YopD and other Yops was not affected by the endogenous expression of the *yopD* variants ([S6 Fig.](#pone.0120471.s006){ref-type="supplementary-material"}). After infection, survival was followed up for 2 weeks. The survival of mice infected with *IP2666* expressing any of the *yopD* mutations was not significantly different from that of the mice infected with wild type IP2666 (I168T: χ^2^ 2.51, P = 0.1131; G196R: χ^2^ 1.59, P = 0.2077; A273T: χ^2^ 2.3, P = 0.1297, [Fig. 7](#pone.0120471.g007){ref-type="fig"}). These results indicate that although substitutions I168T and G196R affect translocation, pore formation and epithelial cell recognition *in vitro*, these amino acids changes do not decrease virulence under the conditions used in this mouse model.

![Residues I168, G196 and A273 are not required for virulence of *Y*. *pseudotuberculosis* IP2666 in a mouse model.\
Eight-week old C57BL/6J mice were infected orogastrically with 2×10^9^ CFU of wild type *Y*. *pseudotuberculosis* IP2666 and its derivative expressing *yopD* I168T, G196R and A273T. Mouse survival was monitored for 14 days. Results shown are pooled from two independent experiments using 3 mice per group in each experiment. Statistical analysis using log rank test showed no significant differences between the survival curves of each of the mutants and that of the wild type.](pone.0120471.g007){#pone.0120471.g007}

Discussion {#sec028}
==========

YopD plays a multifaceted role in *Yersinia* virulence. Inside the bacterial cell YopD is in complex with its chaperon and, in cooperation with YscM1/LcrQ, prevents *yop* transcription during non-permissive condition for Yop secretion. Once secreted, YopD interacts with itself and YopB to form a multimeric ring that can insert in lipid membranes \[[@pone.0120471.ref006]\]. Insertion of this translocation channel in the membrane of the host cell has several consequences, i.e. it mediates delivery of effectors inside the host cell, it triggers Rho GTPase activation, it leads to cell lysis if the effector Yops do not inhibit Rho GTPases activation \[[@pone.0120471.ref020]\] \[[@pone.0120471.ref018]\], and it is directly or indirectly sensed by the innate immune system to mount a pro-inflammatory response \[[@pone.0120471.ref020], [@pone.0120471.ref021], [@pone.0120471.ref025], [@pone.0120471.ref032]\]. We propose that epithelial cells' activation of Rho GTPase by the translocon might be detected as a "pattern of pathogenesis".

Frequently, translocation-deficient *yopD* mutants also show a defect in Yop synthesis regulation, complicating the study of such mutants. Here we have used a genetic screen to isolate randomly generated YopD variants defective in YopD function. This comprehensive mutational analysis allowed the identification of four different types of mutants ([Table 2](#pone.0120471.t002){ref-type="table"}).

10.1371/journal.pone.0120471.t002

###### Phenotypes of the four different classes of YopD mutants.

![](pone.0120471.t002){#pone.0120471.t002g}

  Class     Mutation   Growth type   YopD production   YopD secretion   Pore formation   Signal
  --------- ---------- ------------- ----------------- ---------------- ---------------- --------
  **I**     G137S      TS            high              low              interm           interm
  K215T     TS         high          normal            interm           interm           
  **II**    T35K       CD            low               normal           low              low
  **III**   I168T      CD            normal            normal           low              low
  G196R     CD         normal        normal            low              low              
  Q203E     CD         normal        normal            low              low              
  **IV**    N4Y        CD            low               low              interm           interm
  A273T     CD         low           low               interm           interm           

Summary of YopD mutants and their phenotypes compared to wild type YopD. Growth type was determined at 37°C with and without calcium, "TS" refers to temperature sensitive, and "CD" to 37°C calcium-dependent growth; YopD production and secretion were determined in a bacterial culture at low calcium conditions in the pellet and supernatants, respectively; pore formation was tested in HeLa cells by LDH release and uptake of impermeant dyes; signal activation of MAPK and NFκB was assessed in HeLa cells. "interm" refers to intermediate phenotype.

Six *yopD* mutants (Class II-IV) have normal low calcium response but are defective in translocon function. Class II and III mutants have the strongest phenotype. Importantly, mutants in Class III have amino acid substitutions in a discrete region located between the transmembrane and the putative C-terminal coiled-coil domain (residues 168 to 203). This region has been found to be partly unfolded in several YopD-homologues. Besides allowing YopD's secretion through the needle, this disordered structure is thought to be required for its interaction with host cell partners \[[@pone.0120471.ref029]\]. Significantly, residues I168, G196 and Q203 are conserved among YopD homologues in *Pseudomonas*, *Aeromonas* and *Photorhabdus* species ([S7 Fig.](#pone.0120471.s007){ref-type="supplementary-material"}). The amino acid substitutions in this region range from radical in Q203E (uncharged to acidic), and G196R (uncharged to basic) to semi-conservative in I168T (hydrophobic to polar) Independently, the library screening identified other mutants within the 168--203 region that were excluded from the study because they exhibited more than one missense mutation. Among them was a mutant that resulted in a hydrophobic to polar amino acid substitution at position 168 (I168N), suggesting that the hydrophobic residue at position 168 may play an important role in translocon function. Three others such mutants included YopD variants with substitutions in amino acids 181, 183 and 185 (not shown). Although the consequences of these residues changes would have to be tested independent from the other mutations, it is possible that those amino acids are also part of this previously unrecognized distinct region within the C-terminus of YopD that is required for translocation, pore formation, and activation of the MAPK and NFκB pathways in HeLa cells.

We have previously shown that Yop effectors prevent membrane damage by counteracting a signal triggered by the insertion of the translocon \[[@pone.0120471.ref020]\]. This signal involves Rho GTPase activation and leads to localized actin polymerization. We postulate that counteracting this signal is essential for the host cell membrane resealing process to prevent cell lysis. We envision that when translocation pores are not promptly sealed, impermeant dyes can enter the cell. At this point, the membrane permeabilization process is reversible. If, for some reason, the membrane cannot be repaired, osmotic lysis occurs and the cytoplasmic content is released. Consistent with this model is our unpublished observation that infection of HeLa cells with a single *yopK* mutant, which presumably inserts larger pores \[[@pone.0120471.ref040]\], results in strong membrane blebbing and high uptake of impermeant dyes. However, because *yopK* mutant can translocate Yops the process can be reversed, cell lysis does not occur, and LDH is not released. The transient inhibition of membrane resealing might be necessary to facilitate delivery of effectors. Supporting this model is our previous data showing that inhibition of Rho GTPases or actin polymerization decreases effector translocation, and conversely loss of YopE-mediated GAP activity leads to hypertranslocation \[[@pone.0120471.ref022], [@pone.0120471.ref023]\]. We reason that substitutions I168T, G196S and Q203E lead to defects in Rho GTPase signaling that impact translocation and pore formation. Because these mutants also failed to trigger MAPK, our model predicts that it is this very signal that is recognized as a pattern of pathogenesis by host cell to trigger an inflammatory response. Different scenarios can explain the defect in signaling. One possibility is that this C-terminal domain is by itself involved in Rho-GTPase activation. Interestingly, that region has been shown to interact with the cytoplasm of the host cell in the enteropathogenic *E*. *coli* YopD homologue EspB, suggesting that these residues could directly or indirectly interact with host cell signal proteins \[[@pone.0120471.ref041]\]. Another possibility is that Rho activation requires correct membrane insertion of a properly assembled YopB/D channel. Although results from the immuno-precipitation studies suggest that I168T, G196S and Q203E do not affect interaction between secreted YopB and YopD, it is possible that different interactions are required to form a signal-competent structure. It should be noted that the role of this domain in *Yersinia* infection is uncertain, as results from orogastrically-infected mice indicate that substitutions I168T and G196R, do not significantly affect virulence. It was surprising to find that mutants with a marked defect in translocation were not attenuated. On the other hand, it still possible that subtle differences in virulence could not be demonstrated with the conditions used in our *in vivo* studies.

Substitution T35K has dramatic effects on the translocation and pore formation functions of YopD. The lower level of T35K secretion is not likely to account for those defects as even lower levels of secreted YopD were identified in N4Y and yet this mutant is fully capable of causing pore formation. A serious defect in the interaction between and T35K and YopB can also be ruled out by the results obtained from the immuno-precipitation assay. Thus, although at lower levels than wild type YopD, T35K was able to pull down YopB from culture supernatants. Alternatively, T35K substitution could potentially be disrupting an N-terminal coiled-coil (CC) structure predicted with by Costa *et al* using the COILS server \[[@pone.0120471.ref042]\]. In that low probability CC region, threonine 35 would correspond to the *d* residue from a heptad repeat hxxhcxc, of hydrophobic (h) and charged (c) amino-acid residues. When we used the same program to test whether a threonine to lysine substitution at position 35 would disrupt such a structure, the probability of forming a CC domain did not change. This suggests that the YopD defects caused by the T35K substitution might not be attributed to the disruption of a putative N-terminal CC domain. More studies would need to be done to determine the cause of the T35K substitution's dramatic phenotype.

Class I mutants exhibit a temperature sensitive growth. Mutants defective in the low calcium response produce Yops constitutively and have a temperature sensitive growth at 37°C irrespective of the calcium concentrations \[[@pone.0120471.ref009], [@pone.0120471.ref017]\]. Previous comprehensive sequential in-frame deletion mutagenesis studies of YopD have identified two main regions required for regulatory control: one spanning residues 53 to 149 and the other 278 to 292 \[[@pone.0120471.ref017]\]. This regions overlaps with domains required for interaction of YopD with its chaperone LcrH/SycD. Glycine 137 is located within the amino-terminal LcrH/SycD binding site. Lysine 215, however, is an area of the protein not previously associated with regulation. As the LcrH/SycD is required for stabilization of its substrates and both mutants are produced at high levels, it is unlikely that these mutants have a defect in their interaction with their chaperone. It is possible that G137S and K215T substitutions interfere with normal calcium dependent growth by preventing YopD interaction with another component of the T3SS required for normal calcium-dependent growth. These YopD partners might include YscV, which has been identified as a suppressor of the temperature-sensitive mutation in YopD \[[@pone.0120471.ref012]\].

Substitutions G137S and K215T also lead to hyperproduction of YopD and, interestingly, these mutants produced markedly reduced amounts of YopB. Because YopB and YopD share the LcrH/SycD chaperone, this phenomenon might be the result of a competition for a common chaperon. Although a single chaperone molecule could conceivably bind to both translocators simultaneously, data from the crystal structure of a YopD peptide bound to LcrH/SycD suggests that this is not likely the case \[[@pone.0120471.ref043]\]. Interestingly, inconsistent to what it would be expected if mutants with substitutions G137S and K215T had a defect in *yop* regulation, expression of LcrV and YopH was not increased in those mutants. These results suggest that in these mutants calcium dependent growth can be uncoupled from *yop* regulation.

A predicted transmembrane domain has been identified between residues 128 to 149 of YopD \[[@pone.0120471.ref017], [@pone.0120471.ref044]\]. Although G137 is located within the transmembrane domain, the Glycine to Serine substitution did not significantly affect translocation or pore formation. Accordingly, results obtained using the prediction of transmembrane regions and orientation from the EMBnet server, indicate that the G137S substitution is not likely to affect the transmembrane domain (not shown). The moderate defect in pore formation and translocation caused by G137S and K215T YopD substitutions might simply be attributed to the lower amount of YopB and LcrV produced and secreted by those mutants.

When expressed ectopically, N4Y and A273T showed a translocation defect, whereas their pore formation was not considerably reduced. We were not expecting to identify mutants defective in either translocation or pore formation, as we envision the two processes to be connected. Previous studies have identified mutants defective exclusively in translocation \[[@pone.0120471.ref017]\]. These studies analyzed pore formation by infection of red blood cells with bacteria that lacked YopK, which supposedly insert much larger pores \[[@pone.0120471.ref040]\]. Here, we have tested pore formation in HeLa cells using uptake of Ethidium homodimer and LDH release. YopD mutants previously reported to cause lysis in red blood cells, such as YopDΔ53--68 and Δ128--149 \[[@pone.0120471.ref017]\], test negative in our two pore formation assays (data not shown). So, clearly, these two assays measure different cellular events. Notably, when A273T was expressed in it native location translocation levels were restored to close to 70% of that of the WT. This suggests that slight differences in the amount of protein produced when *yopD* is expressed ectopically versus in its native location may affect the proper pore stoichiometry.

Asparagine at position 4 lies within a previously identified N-terminal YopD secretion signal \[[@pone.0120471.ref045]\]. We have found that this residue exchange not only impacts secretion, as it would be expected, but most noticeably, it reduces YopD production. A possible role of the 5′ end of *yopD* in translation control has been suggested previously \[[@pone.0120471.ref045]\]. Although decreased levels of YopD production were also detected in the A273T substitution, secretion was not as greatly affected as N4Y, which is expected, as the C-terminus does not seem to be involved in secretion.

Although more work needs to be done to fully understand their role in T3S, the mutants identified in this genetic screening provide a useful tool to further explore the different functions of YopD.

Supporting Information {#sec029}
======================

###### IPTG titration.

Wild type (YP126), *yopE* (YP6), *yopED* (YP62) and *yopED*/pYopD bacterial cultures were grown at 37°C at low calcium conditions with different concentrations of IPTG added. Equivalent amounts of cultures supernatants containing secreted Yops were resolved by SDS-PAGE and the gel was stained with Coomassie Blue. Positions of molecular weight standards (kDa) are indicated on the left and bands corresponding to the different Yops are indicated on the right.

(TIF)

###### 

Click here for additional data file.

###### Growth curves at low and high calcium conditions.

Yersinia *yopED*, *yopED*/pYopD and *yopED* expressing the different *yopD* variants were cultured in LB broth at low calcium (LC) and high calcium (HC) at 37°C for 5 hours. Absorbance at OD~600~ was measured every 30 minutes and growth curves were constructed for each mutant.

(TIF)

###### 

Click here for additional data file.

###### Effect of the different YopD mutations on pore formation.

Pore formation was determined as described in [Fig. 3](#pone.0120471.g003){ref-type="fig"} by analyzing the amount of LDH released from culture supernatants of uninfected and infected cells. Results from a typical experiment before normalization and subtraction of the LDH content present in uninfected wells are shown. LDH release is expressed in arbitrary units.

(TIF)

###### 

Click here for additional data file.

###### Kinetics of MAPK activation.

A. HeLa cells were left uninfected or infected with *yopEHJ*, *yopEHJB* and *yopEHJD* for 1hour. Cell lysates were separated by SDS-PAGE and analyzed by immunoblotting with rabbit anti-phospho ERK, and anti-rabbit IR680. Monoclonal antibody against tubulin was used as a loading control (not shown). Quantification of the signal intensities was performed using Odyssey imaging system software. Values were normalized to tubulin. B. Kinetics of MAPK activation was tested at 1, 2 and 4 hours post infection. Cell lysates were analyzed by immunoblotting with rabbit anti-phospho ERK, and anti-rabbit IR680, and anti-IκBα and anti-rabbit IR680.

(TIF)

###### 

Click here for additional data file.

###### YopD-dependent activation of proinflammatory signaling.

**A.** HeLa cells were left uninfected or infected with *yopEHJD*, and *yopEHJD*/pYopD at MOI of 100 for 1h. Cells were washed, lysed with sample buffer 1X, separated by SDS-PAGE and analyzed by immunoblotting with rabbit anti-phospho ERK. Monoclonal antibody against tubulin was used as a loading control (not shown). **B.** HeLa cells infected with *yopEHJD*, *yopEHJD*/pYopD and *yopEHJD* expressing the different *yopD* mutants at the same conditions as described above. Immunoblotting was performed with rabbit anti-phospho p90RSK, anti-IκBα, and anti-tubulin, independently. C **and D.** Quantification of the signal intensities was performed using Odyssey imaging system software. Values were normalized to tubulin.

(TIF)

###### 

Click here for additional data file.

###### Yop secretion of strains used for animal studies.

Comassie Blue stained SDS-PAGE gel showing Yop secretion for IP2666 (WT) *yopD* (IP63) and IP63 endogenously expressing YopDI168T, G196R and A273Y and grown at 37°C at low calcium conditions.

(TIF)

###### 

Click here for additional data file.

###### Sequence alignment.

A 55 amino acid region of YopD encompassing residues 168--203, was aligned with the corresponding protein regions of three other YopD homologues: *Pseudomonas aeruginosa*, *Aeromonas* spp. and *Photorhabdus* spp. Identical residues are shown in bold.

(TIF)

###### 

Click here for additional data file.
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